Porous barium titanate (BaTiO 3 , BT) ceramics were prepared by a conventional sintering method using two kinds of BT particles. The relationship between pore structure (porosity and pore size) of BT ceramics and their sensor properties was investigated. Since a piezoelectric constant d 33 of BT depends largely on the pore structures, the microstructure control of porous BT ceramics is important to improve the figure-of-merit of piezoelectric stress sensor application (g 33 /µ). In this study, the maximal piezoelectric g 33 constant value of 14.8 © 10
Introduction
Recently, high-performance piezoelectric stress sensors have been required for automobile and robot applications. 1) It is reported that the piezoelectric constant g 33 is one of the important factors for such stress sensing applications.
2) Hikita et al. fabricated the porous lead zirconate titanate [Pb(Zr,Ti)O 3 , PZT] ceramics with a porosity ranging from 0 to 70% and found that the piezoelectric g 33 constant increases with increase in porosity.
3) It is well known that the piezoelectric responses are influenced by the weight of the piezoelectric material itself. Thus, it is more preferable to employ lower-density piezoelectric materials for the stress sensing application. We define a figure-of-merit of piezoelectric stress sensor application (FOM) as g 33 /µ to evaluate sensor properties (where, µ is a density of materials). The FOM is important factor for sensor applications such as actuators. The density of potassium niobate (KNbO 3 , which is the largest value among ferroelectric ceramics. 5),6) Moreover, if KN ceramics with a higher porosity are prepared, the g 33 /µ value will increase. We have previously reported for the preparation of the porous barium titanate (BaTiO 3 , BT)-doped KN ceramics by a conventional sintering method using carbon black (CB, 5¯m) as templates. The maximal g 33 * value (a slope of strainelectric field curve measured at an electric field of 30 kV/cm divided by the dielectric constant) of 84.5 © 10 ¹3 V·m·N ¹1 and the maximal g 33 */µ value of 25.0 © 10 3 V·m 4 ·N ¹1 ·g ¹1 were obtained at a porosity of 30%. 7) However, the g 33 /µ values could not be measured because it was difficult to pole the samples due to leakage.
In the present work, d 33 , g 33 , and g 33 /µ values were measured for the porous BT ceramics which were prepared from BT nanoparticles with different particle sizes and pore structures (porosity and pore size). In addition, the influence of the pore structures on the g 33 /µ values was also studied for the BT ceramics prepared from the BT particles containing nanopores with sizes of 520 nm.
Experimental procedure
The BT particles with sizes of around 300 nm (Sakai Chemical Ind., BT-03) and around 60 nm (Startec Corporation, hydrothermal synthesized BT-006) were used as raw materials. Then, the powders were dried and crushed by a mortal and a pestle. Polyvinyl butyral (PVB, 2 wt %) was added to the crushed powders as a binder and mixed with them. After drying, the powders were sieved through a 250 mesh and pressed into green pellets by an uniaxial press of 250 MPa at room temperature. The binder was then burned out at 700°C for 10 h. The resultant pellets were sintered at 11501250°C for 5 h in air.
The density (µ) of the sintered pellets, such as the BT-03 ceramics and the BT-006 ceramics prepared from the BT-03 and the BT-006 nanoparticles, respectively, was measured by an Archimedes method. The relative density (R) and the porosity (P) of the samples are defined as follows; R=µ/µ* and P = 1 ¹ R, where, µ* is a theoretical density of BT (6.12 g/cm 3 ). The crystal structures were identified by a X-ray diffraction (Rigaku Co., Ultima IV, Cu K¡, 40 kV, 30 mA) (XRD). The microstructure was observed using a scanning electron microscope (SEM) and transmission electron microscope (TEM). The sintered pellets were polished with diamond slurry, and cut to size of 4.0 © 1.5 © 0.4 mm 3 . Gold electrodes were sputtered on the top and the bottom surfaces with an area of 4.0 © 1.5 mm 2 . The dielectric properties of the ceramics were measured in the range of 10 10 6 Hz at room temperature by an impedance analyzer (Agilent Technologies Co., HP4294A).
To pole the samples, an electric field of 4.06.0 kV/mm (the application rate was 0.4 kV/mm/min) was applied to the sample in silicone oil at 135°C for 30 min by a high-voltage amplifier.
The piezoelectric d 33 constant was measured at 300 Hz at room temperature by a berlincourt-type d 33 piezometer after poling. To check the degree of the poling the resonance and the antiresonance frequency profiles were measured at room temperature by the impedance analyzer. The g 33 values were calculated from the measured d 33 value.
Results and discussion
All of the sintered pellets for BT-03 and BT-006 ceramics were identified as tetragonal BT single phase by the XRD measurements. Figure 2 shows the dependence of the relative density and the porosity of the BT ceramics on sintering temperature for the both BT-03 and BT-006 ceramics. It is found that the porosity decreased with increase in sintering temperature for the both ceramics. However, The data in Fig. 2 was insufficient to confirm that for the both ceramics, main pores were composed of macropores in the grain boundary or nanopores in the grains. Therefore, their microstructure were observed using SEM.
Typical SEM images of the BT ceramics sintered at 1150°C were shown in Fig. 3 for the both ceramics. The size of macropores of the BT-006 ceramics was smaller than that of the BT-03 ceramics as compared at the same sintering temperature of 1150°C. The difference of macropores sizes for the both ceramics might be due possibly to the smaller particle size of the starting material for the BT-006 ceramics. For the BT ceramics sintered at 1250°C, the densification further proceeded and the macro pore size of the BT-006 ceramics is similar to that of the BT-03 ceramics. According to Fig. 2 , the porosity of the BT-03 and the BT-006 ceramics sintered at 1150°C is similar despite of the significant difference in the microstructure. This is because the nanopores were included in the particles of BT-006 ceramics. To confirm the presence of the nanopores for the BT-006 ceramics, the TEM observation was done in this study. Figure 4 shows TEM micrographs of the BT-006 ceramics sintered at 1150°C. From Fig. 4 , it was clearly observed the nanopores with sizes of 520 nm. Thus, it was revealed that the pore structure of JCS-Japan the BT-03 ceramics sintered at 1150°C was composed of the macropores at the grain boundary, while the pore structure of the BT-006 ceramics sintered at 1150°C was composed of two kinds of pores, i.e., the larger macropores at the grain boundary and the smaller nanopores in the grains. We have a great interest which these different pore structures can lead to different dielectric and piezoelectric properties or not. Then, the dielectric and piezoelectric properties were investigated for the both ceramics sintered at various temperatures. Figure 5 shows the frequency dependence of the relative dielectric constant ¾ 33 T /¾ 0 (¾ 33 T : the dielectric constant, ¾ 0 : the vacuum dielectric constant) and the dielectric loss (tan ¤) for the unpoled BT-006 and BT-03 ceramics sintered at 1150°C, respectively. The BT-03 and the BT-006 ceramics show the similar frequency dependence of ¾ 33 T /¾ 0 , which are typical frequency dependence seen in other BT ceramics. Moreover, their dielectric constant was over 2500, which suggested that the grain size effect should be contributed to the results in this study because of their average grain sizes below 2.5¯m. 8) For the both ceramics with the similar porosities, it should be noted that dielectric properties were very similar, which suggested that pore structure was not affected to dielectric property, but only porosity can contribute to the dielectric constant. Figure 6 shows the resonance responses of the 31 resonators measured for the poled BT-03 and the BT-006 ceramics sintered at 1150°C. After the poling treatment, the similar resonance antiresonance curves were also observed in all of BT ceramics despite of BT nanoparticles and sintering temperatures. The maximal phase angles of the BT-03 and the BT-006 ceramics sintered at 1150°C were 10.4 and 15.5°, respectively, and for the impedance curves, any differences were not observed. Using the d 33 piezometer, the d 33 values were measured, and the d 33 of the BT-03 ceramics sintered at 1150°C was around 290 pC/N, while that of the BT-006 ceramics sintered at 1150°C was around 392 pC/N. To confirm these values, the poling treatment and measurement were repeated, and the experimental errors were in the less than 5%. Therefore, we believe that the difference of almost 100 pC/N between BT-03 and BT-006 ceramics sintered at 1150°C was the value with certain meaning. Moreover, for the both ceramics, with increasing sintering temperature, the d 33 values decreased monotonously, and over 1200°C, the both d 33 values became to similar value of around 200 pC/N. The results suggested that the pore structure might contribute to piezoelectric property, especially nanopores structure could lead to piezoelectric enhancement because of increasing softness of materials by nanopore structures. Figure 7 shows porosity dependence of the ¾ 33 T /¾ 0 and the d 33 values for the both BT ceramics. The d 33 values increases with increase in porosity and the largest d 33 value of 392 pC/N was recorded at a porosity of approximately 23% for the BT-006 ceramics sintered at 1150°C. It should be noted that there was a large difference in d 33 between the BT-03 and the BT-006 ceramics at a large porosity. As mentioned before, at a sintering temperature of 1150°C, the porosity of both the BT-03 and the BT-006 ceramics is similar, but there is a difference in the pore size between these ceramics. Additionally, the BT-006 ceramics contains nanopores, and thus the d 33 value of the porous BT ceramics depends largely on the macro pore size and/or the presence/absence of the nanopores inside the grains. The results suggested that the control of pore structures is important to ¹3 V·m·N ¹1 and the maximum g 33 /µ value of 3.14 © 10 3 V·m 4 ·N ¹1 ·g ¹1 were obtained at the porosity of approximately 23% for the BT-006 ceramics sintered at 1150°C. From the porosity and the pore size of the ceramics shown in Figs. 24, the pore size can be very important for the g 33 value and the g 33 /µ value, and it was suggested that the smaller pore sizes can enhance the piezoelectric property because of softening of materials by pore. Thus, it is possible that the ceramics with high density of nanopore structure can be very high piezoelectric materials with their softening.
Conclusions
In this study, the porous BT ceramics with different pore structures were prepared by using the BT-03 and the BT-006 particles as starting materials. The porosity of both BT ceramics is almost similar at the same sintering temperature and the porosity decreases with increase in sintering temperature. It is found that the piezoelectric properties depend largely on the macro pore size or the presence/absence of the nanopores inside the particles. Since a piezoelectric d 33 constant of BT depends largely on the pore structures, the microstructure control of porous BT ceramics is important to improve the FOM (g 33 /µ). Especially, nanopore may be also effective for improvement of g 33 /µ value. In this study, the maximal piezoelectric g 33 constant value of 14.8 © 10
¹3 V·m·N-1 and the maximal g 33 /µ value of 3.14 © 10 3 V·m 4 ·N ¹1 ·g ¹1 were recorded at a porosity of approximately 23%. 
